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Semiconductor Products or Radiation
s “There is no reason for any individual to have a + The radiation environment must be understood and
computer in their home.” accurately modeled.

ot atfanti

- President of Digital Equipment (1977) B

2 b — implement new space hch;oiogm
a world market for about 5 computers * Underestimating radiation levels leads to
- Founder of IBM (1947)

— excessive risk
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~ loss of mission lifetime
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@ Introduction

space radiation environment modeling.

s Last ~10 years has been a renaissance period for

o= g need to rep long-time standard AP-8 and

@ Objectives

radiation environment and their variation.

« Provide basic understanding of the components of space

@ Outline

* The Solar Activity Cycle

* The Earth’s Trapped Radiation Environment
* Galactic Cosmic Rays

* Solar Particle Events

* Future Challenges
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@ The Solar Activity Cycle

* Understanding sun’s
approximately 11-year
cyclical activity is important
aspect of modeling space

radiation environment.

~ Typically 7 years solar
maximum when activity
levels are high

- Typically 4

@ The Solar Activity Cycle

« Common indicators of solar activity

Voary Averaged Sunmpot Numoers 1610-1998

@ The Solar Activity Cycle

» Forecasting a cycle’s
activity after its beginning -
often done with regression ..g
techniques. £

* Forecasting before its
beginning has had minimal =
success.

* Suggests
methods are useful

- Cycle is asymmetric, with
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F Outline

* The Earth’s Trapped Radiation Environment

- The Mag phere and Trapped Particle Motion
- Trapped Proton Models

* AP-8

* Recent Developments
- Trapped Electron Models

* AE-8

* Recent Developments

@ The Earth’s Magnetosphere

« Consists of

— External magnetic field
resulting from solar wind
(plasma continually
emitted by sun)

- Internal magnetic field
originating primarily from
inside the earth

+ Extent of magnetosphere
~ 61to 10 earth radii on
sunward side

@ Trapped Charged Particle Motion

* Equation of motion for
charged particle in N T v
magnetic field: x 7 v;\h AN
F=qvxB 7 S
* If field is uniform: - "' L2 )
~ 2dimensions - circular JK
motion \ Fy /
- 3 dimensions - helical or x \* I X/
spiral motion . P v

T e

In earth’s magnetic field

— Particles spiral along

magnetic field lines

— Increased field strength in
polar region causes spiral to
tighten and eventually
direction reversal of particle
Additionally, there is a slower
longitudinal drift around the
earth.

~ A complete azimuthal
rotation traces out a drift
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% Earth’s Internal Magnetic Field

* Geomagnetic field is
approximately dipolar for
altitudes up to about 4 to 5§
earth radii.

* Dipole axis not same as
geographic North-South
axis

= e
~ > 500 km displacement
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@ Characteristics of Trapped Protons

+ Single trapped proton region
— L-shell values: 1.15 to 10
— Energies: up to a few 100’s of MeV
* > 10 MeV energies confined to altitudes below 20,000 km
~ Fluxes: up to ~ 10° cm?s*, near L = 1.8
* Near inner edge fluxes are modulated by
atmospheric density
— May vary by factor of 2 to 3 over a solar cycle

e
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@ Proton Radiation Effects and Metrics

* Total lonizing Dose (TID) — cumulative damage
resulting from ionization (electron-hole pair
formation) causing

- Threshold voltage shifts

Wproton Radiation Effects and Metrics

+ Displacement Damage - cumulative damage resulting from
displacement of atoms in semiconductor lattice structure
causing:

~ Carrier lifetime shortening
- Mobility degradation
- ch-pm degradation in imaging devices

-WProton Radiation Effects and Metrics

* Single Event Effects (SEE) — event caused by
single incident proton
- Non-destructive — SEU, SET, MBU, SHE
- Destructive - SEL, SEGR, SEB
* Results commonly presented as function of
incident proton energy
- Most SEE result from nuclear reaction mms, which
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Trapped Particle Models

General approach to evaluate the environment

- Use an orbit g code to calculate the
geographical coordinates (latitude, longitude, altitude)
of the spacecraft trajectory.

— Transform the geographical coordinates to dipole
coordinate system in which particle population is
mapped. A

- Determine trapped particle environment for the

(-3

AP-8 Model

Eighth version of trapped

proton modeling effort led by
James Vette. £
Static map of proton
population for

~ Solar maximum

~ Solar minimum
Data taken in 1960s and 70s

Example shown in dipole
coordinates

South Atlantic Anomaly

Dominates the radiation
environment for altitudes
less than about 1000 km.
Caused by tilt and shift in

ic axis relati
to rotational axis.
Inner edge of proton belt is
at lower altitudes south
and east of Brazil.




@ . @ South Atlantic Anomaly:
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South Atlantic Anomaly AP-8 vs. PSB97
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@ PSB97 Model @ CRRESPRO Model
* Developed at the Belgian Institute for Aeronomy * Based on data collected over 55 MeV Protons
(BIRA) and the Aerospace Corporation. ;;:::}:ll;:;‘:‘_ “1"1"5“30’;?’ 5 1% T
* Based on SAMPEX data B S e 5’ 10°% © CARES Quit
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of LATRM and CRRESPRO.

* Covers altitudes from about 300 km out to
geosynchronous for 1.5 to 81.5 MeV protons
i A o i’

@ Trapped Proton Model-1 (TPM-1)

* Developed by Huston; combines many features

Model Comparisons for
International Space Station Orbit
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@/ Model Comparisons for
Elliptical Orbit
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@ Summary: Trapped Protons

* Recent significant advances include:
- Accounting for secular variation of geomagnetic field

- Model of continuous variation of flux levels throughout
solar cycle

~ Model of second proton belt after large geomagnetic

@/ Characteristics of Trapped Electrons

* Inner Zone * Outer Zone
- L=1to28 - L=28to10
— Energies up to 4.5 MeV - Energies up to ~ 10 MeV
- Fairly stable population — Very dynamic
- long-term avg. flux: - long-term avg. flux:
up to 106 cm2s! (> 1 MeV) up to 3x10° cm2s!
nearL=1.5 (>1MeV) nearL =4.5

Slot region - located in between the 2 high intensity

QElectron Radiation Effects and Metrics

* TID - similar to that for protons
* Displacement Damage

- G lly do less d than p
~ Metrics similar; 1 MeV equivalent el fi are
used.

. Charginnglschanging Effects




W AE-8 Model @ Probabilistic Models

* Indicate both average flux
value and its variation for
assessing worst case
situations
Model for > 1 MeV

electrons based on data £
from UARS during <
declining

A8 A Pl > 1.00 b fem )

W @ Correlation to Disturbance Level

* CRRESELE Model:
Recent Developments in - Electron energy spectra

Trapped Electron Models ST A RS

3

0.95 MeV/

* Ap index is measure of
general level of global
geomagnetic disturbance
~ Spectra in same Ap index

Omnidirectional Flux (cm?s KeV)™!

@ Outer Zone Volatility W POLE Model
* Inner zone often d + Developed by ONERA and
by trapped protons. Los Alamos
’ S‘y'::;m m,‘?;_m St RS * Long-term model of
Recent trapped electron 4 g y envir
modeling efforts focus on |5 * Recent update:
5 - Based on 28 years of Los
- Alamos satellite data o
- Energyrangeis30keVto ' et
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@ Model Comparisons for @ Outhins

Geosynchronous Orbit

100 * Galactic Cosmic Rays
~ :: 1 - General Characteristics
P o] -~ Models
3 3 = NASA Model (Badhwar and O'Neill)
3 ‘033 MMMWDM(NW
§ 10? 1 ‘
f‘ =0y

@ Model Comparisons for @ Origin

Geosynchronous Orbit

+ Galactic cosmic rays
(GCR) are high-energy
charged particles that
originate outside our solar
system.

* Generally believed to be
remnants from supernova

explosions

Integral Flux (cm2s™)

T T

10'

@ Summary: Trapped Electrons @ GCR Properties
108 T T T T T
* Recent significant advances include: + Composed mainly of The relative abundance of
hadrons 10° [\ Galactic Cosmic Rays -

- Long-term, climatological model for geostationary
altitudes * All naturally occurring

i 3 10t F 4
— Accounting for variability of outer zone using are P 2 10
* Probabilistic models - 87% protons g wk
- 12% alpha particles
!ud disturbance

Ewmm dgunacmﬂc s Ji i s

' * Energies:upto 10" GeVl S

¢ [

Fluxes: 1to 10 cm?s*!
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@ Variation with Solar Cycle

Energy spectra tend to
peak around 1
GeV/nucleon.

Fluxes modulated by
/in sun and

M (m? sr sec MeV/amu)™"

@ GCR Radiation Effects and Metrics

« Single Event Effects (SEE) — event caused by single

incident ion
- May be d by direct ( the case for
incident heavy ions)

- May be | by reaction p (usually the case
forincident protons)
* Metric commonly used for heavy ion induced SEE is Linear

@ LET Spectra
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@ GCR Models

+ NASA and MSU models originated independently
- Both based on theory of solar modulation
- Describes penetration of GCR into heliosphere from
outside and transport to near earth
- &kmmmhhmdmmnusm

w

@ Comparison of Proton Fluxes

+ Comparison of proton =T
energy spectra for NASA 7", /{.:, Db
and MSU models with a sone® / o

model from QinetiQ used  § «o-
for atmospheric neutron i
studies shows: T " gt

- Discrepancies among all > o
ranges

@ Comparison to ACE Satellite
Measurements
T
+ Availability of ACE satellite SAES”
data makes possible detailed
comparisons not previously s 10°
possible. %
~ Shown are results for 1997 £
solar minimum time period. %
*  MSU model tends to have =
lower rms deviation 2 S o a0,
K 107 '“‘7,—-1‘" """" S =1
% . Iwﬂxob \\\
A SRegq
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@ California Institute of Technology
Model
+ Recent approach is to use c T o ACE CRIS
transport model of GCR 8 —'E%E?.iug.m
through the galaxy g 10° | camon Model —
- Knowledge of astrophysical > g ]
processes £
composition and energy 5 Bortin
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Types of Solar Particle Events

+ Solar Flares « Coronal Mass Ejections
~ Occur when localized (CMEs)
energy storage in coronal & :-:.rto; l:mptlc:mhl:cl :Iasma
magnetic field becomes ives a shock wave
too great and burst of mm and accelerates
energy is released 2 2R

Electron rich
Unusually high *He
content relative to *He

Summary: GCR Models

+ Recent significant advances include:
course of the solar cycle

- Use of knowledge of |

to help

describe GCR composition and energy spectra

- Descriptions of solar modulation of GCR fluxes over the

- Incorporation of new significant data from ACE satellite

Qutline

* Solar Particle Events
~ General Characteristics
— Solar Proton Models
= Di of Event Magnitudes /

Entropy

Approach
* Cumulative Fluences
* Worst Case Events / Extreme Value Theory

To be presented by Michael A. Xapsos at the
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Coronal Mass Ejection

(4

¢ Hadron composition:
—~ 96.4% protons
— 3.5% alpha particles
— 0.1% heavier ions (not to be neglected!)
« Energies: up to ~ GeV/nucleon
« Event magnitudes:
~ > 10 MeV/nucleon integral fluence: can exceed 10° cm?
— > 10 MeV/nucleon peak flux: can exceed 10°

Characteristics of CMEs

10



Solar Particle Event
Radiation Effects and Metrics

+ TID
- Dose deposited primarily by p:

+ Displacement Damage
-~ Caused mainly by protons, possibly significant

@/ Distribution of Event Magnitudes

+ Since solar particle events are probabilistic in
nature, it is important to accurately model the
distribution of event magnitudes

* However, the data are limited

@/ Solar Cycle Dependence

Solar Solar Solar  Solar
P Min. Solar Max. | Min. Solar Max. | Min. , Max.

> 0.88 MeV

Daily Proton Fluence (p/cm?-sr)

Solar Proton Models

To be presented by Michael A. Xapsos at the
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@ Distribution of Event Magnitudes

+ Maximum Entropy Principle
- Developed by E. T. Jaynes in studies of statistical
mechanics
* Re-interpreted the field as a form of statistical inference
rather than a physical theory
- Maximizing a probability distribution’s n&m S,

@ Distribution of Event Magnitudes

+ Constraints imposed on the solar proton event
magnitude distribution:
- It can be normalized
- It has a well-defined mean
— It has a known lower limit, i.e., detection threshold
= ltlsbounded.l.o..nohﬁnhdyhrggmb
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@ Distribution of Event Magnitudes

Resulting solution is a
truncated power function
in the event magnitude for
solar maximum

Descri

features of the d

Events Per Active Year > Fluence

(-

Cumulative Fluence
During Solar Maximum

Once the distribution of event fluence
magnitudes is known, the cumulative fluence
durind a mission can be calculated.

Confidence level approaches are often used

Models for Solar Maximum

King/Stassinopoulos model
for 10 to 100 MeV protons
during solar cycle 20

~ Based on Aug. 1972 event
JPL91 model for 1 to 60 MeV

To be presented by Michael A. Xapsos at the
2006 IEEE Nuclear and Space Radiation
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Model Comparisons
for Solar Maximum

Cumulative Fluence
During Solar Minimum

+ Solar minimum model is o ==
important for % 10 < Es‘;‘.‘z":&
planned mostly or entirely Iy

for this time period.

+ PSYCHIC model contains 3

+ Spacecraft must be able to

particle event. E ——
: [

Worst Case Events

survive a worst case solar

One approach is to design to

a well-known large event, i.e.,
Oct. 1989.

2
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Extreme Value Statistics

Extreme value statistics n=10
(or

1

* Usual central value 500 ——T—T———T—T—T—T
h rizes the n=100

of random variable by mean olb

value and standard deviation.

A,

@ Self-Organized Criticality Model

* General model proposed by P. Bak to describe energy
A in Pt .

P Y

~ Slow, continuous build-up of energy in system

- System naturally evolves to critical state

~ Minor, localized disturbance starts energy-releasing chain
reaction

Random Variable

Units)

0 A
60 80 100 120 140 160 180 200 220

Worst Case Event Model

Given the initial probability

distribution, extreme value
relations can be used to
calculate worst case events
as function of confidence

@ Self-Organized Criticality Model

+ Classic ill i ple is the “sandpile”

* We have assumed that solar particle events are
probabilistic in nature.

resources into finding reliable predictors of events

To be presented by Michael A. Xapsos at the
2006 IEEE Nuclear and Space Radiation
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@/ Basic Nature of Solar Particle Events

for to moon and

+ Organizations such as NASA and ESA have put substantial

Do solar particle events exhibit
long-term correlation?
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Cumulative Deviation Analysis a
for 1989 Solar Proton Data

Fractal Properties

« Type of analysis originated 15x10% 20100
é 1x10% “':
sx10° “1x10°
-2x10°
2 ° s-mo'
j o\ . s
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| 3 a0 it ex10° i
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@ Rescaled Range Analysis @

1989 Data

* The power index or Hurst 100
Coefficient, H, indicates the
of correlation

Is the distribution of fluences for a
given time interval a power function?

W @ Integral Distribution of Fluence
Magnitudes: 1973 - 2001
Do solar particle event properties ' 2:::«'3 ;rop:nioilall to u:: :. >1.15 eV
exhibit fractal characteristics? reciprocal of the fluence. i AN
- Itis a power function 200
- 1/f or flicker noise 8l \
. wmusymh '§ o
. B
e Mo:v:&ysd;oﬁmF::m(plc':;-w °
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@ Self-Organized Criticality Model

s Based on 28 years of data, there is strong
evidence that solar particle events are a self-
organized critical phenomena.

a/ Future Challenges

s Generally we should strive to produce more
dynamical and more physical models.
— Increased understanding should result in more accurate
proj; for future missi:

. Trapped paruc!e model chaﬂcnges

@/ Solar Heavy lon Models

* Not as advanced as solar proton models due to
relative lack of data
- Large number of heavy ion species complicates
measurements

Cumuw fluences:

urmh:mmbhsuehdh

@ Solar Heavy lon Models

* Worst case event models:

for protons and alphas; modification of CREME86
abundance model for heavier elements

- JPL Model based on 18 years of 1 to 30 MeV/nucleon
alpha particle data and abundance model for heavier

To be presented by Michael A. Xapsos at the
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~ MACREE based on October 1989 event measurements

@ Future Challenges

* GCR model challenges:
— Continue to improve description of solar modulation

potential

- Merge togeth dels of astrophy
d ibing GCR P ;hoahxywlthcumnolu
modulation models

* Solar particle event model challenge:
- Describe energy storage and release process in solar
structure ;

@ Future Challenges

+ Planning and implementing strategies for manned
and robotic missions for new interplanetary
exploration initiatives must be done to an
unprecedented degree.

 Lack of predictability of solar particle events is a
serious concern

Wmm
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@ Future Challenges

+ Lack of predictability of future solar cycle activity
is a serious concern

- Occasional large drops in solar activity are seen from
one cycle to the next. This results in substantial

in GCR exp! , which is a major issue for
manned missions.
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